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Objective: The purpose of this work is to investigate in a quantitative manner, the gross and regional
structural patterns in cartilage and bone from the humeral head of end-stage OA patients, with the goal
of identifying patterns of disease. Since the prevalence of primary OA of the shoulder is increasing as the
population ages and the non-traumatic degenerative changes leading to this disease are poorly under-
stood, a site-speciﬁc morphometric analysis speaks to the structure-function remodelling relationship of
the pathological anatomy.
Methods: Humeral heads were harvested from twenty-one patients undergoing shoulder arthroplasty
for end-stage primary OA. The samples were scanned with micro-computed tomography and magnetic
resonance imaging (MRI), and registered to provide reconstructed 3D datasets of the cartilage, cortical
and trabecular bone tissues. Gross visual examination of the datasets allowed samples to be classiﬁed as
OA-like, osteoporosis (OP)-like or OA/OP-like.
Results: Volumes of interest (VOI) separating the OA-like samples into ﬁve distinct regions showed
positive correlations between bone and cartilage morphometric parameters; speciﬁcally in areas where
more cartilage has been lost, the underlying subchondral cortical bone was more porous and thicker,
while the subchondral trabecular bone was more dense, including more connections and trabeculae.
These differences were site-speciﬁc, where the central humeral head saw the greatest destruction of
cartilage and bone sclerosis, followed by the anterior aspects.
Conclusion: The ability to correlate bone and cartilage changes is valuable, as these structural cuesmayallow
amore targeted diagnostic approach and a better classiﬁcation of the disease, leading to improved therapies.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) of the glenohumeral joint is unusual in the
absence of trauma, and non-traumatic degenerative changes are of
interest, since the primary abnormalities observed, including
osteophyte formation and eburnation, are speciﬁc to anatomical
regions with mechanical involvement. Thus it would be beneﬁcialto: K.S. Stok, Institute for
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. Luechinger), ram@ethz.ch
ternational. Published by Elsevier Lto investigate and compare these regions of interest in the humeral
head because it speaks to the structure-function remodelling
relationship of the pathological anatomy. Other bone and joint
diseases may be observed concurrently with OA, including osteo-
porosis (OP)1,2, rheumatoid arthritis (RA), and rotator cuff tear
arthropathy, although there is extensive debate in literature as to
whether OP and OA are mutually exclusive1e6. While there is little
information regarding regional speciﬁc bone structure in the gle-
nohumeral joint, there is evidence of higher bone mineral density
(BMD) in the inferior and posterior regions, with the central region
displaying the highest overall BMD7.
Considerable attention has been given to the role of articular
cartilage in the pathogenesis of OA, and a lesser amount to the
involvement of subchondral bone. Subchondral bone, however,
plays a fundamental role in events surrounding OA, because it
forms the main supporting structure for the cartilage, transmitstd. All rights reserved.
D.J. Pawson et al. / Osteoarthritis and Cartilage 23 (2015) 1377e13871378loads from cartilage into the trabecular bone and through to the
diaphyseal shaft for skeletal load-bearing8, and radiographically, is
a key structure for clinical examination9. Typically in OA, bone
sclerosis, cartilage degradation, lesions in the trabecular structure,
and osteophyte growth on the external cortex are often visible10. In
hip and knee joints it has been shown that OA results in an increase
in cortical porosity, signiﬁcantly more so than in OP8,11. There is
further evidence that vascular pathology affects skeletal pathology,
and it has long been suggested that obstruction of venous blood
ﬂow through the subchondral bone may actually trigger the initi-
ation of OA via production of excess bone12. In calciﬁed cartilage,
degenerative changes occurring early in the progression of OA,
involve a remodelling response along with vascular insertion into
articular cartilage due to a rapid increase in the amount of sub-
chondral bone and microfracturing9,13,14. However, it has been
shown that in OA joints microfractures are reduced, inferring that
remodelling of bone into thicker, less compliant trabeculae may be
the primary cause of cartilage damage, as opposed to micro-
fractures in the cartilage itself15e18. In short, despite calls to pre-
cisely deﬁne the condition in order to understand it's
pathogenesis19, there is no deﬁnite evidence describing morpho-
metric relationships between cartilage and bone in the proximal
humeral head with OA10 which would lend understanding to the
mechano-spatial interplay between joint and tissue changes.
Qualitative and quantitative evaluation of structural abnormal-
ities for diagnostic and therapeutic improvement, require sophis-
ticated imaging and image processing techniques. Magnetic
resonance imaging (MRI) is commonly utilized in clinical practice
for joint imaging20,21. Graichen et al.22 have demonstrated the
feasibility of cartilage thickness and volume measurement in hu-
man shoulders with quantitative MRI, and bright signals deﬁned as
bonemarrow edema (BME) are often seen23. In order to understand
how these lesions correspond to the intricate trabecular structure
in which they are embedded, one can use micro-computed to-
mography (microCT). MicroCT is a preclinical technique for high-
resolution imaging, and has been used extensively in OP and frac-
ture research in order to analyse osteoporotic bone24,25, image
microcracks26 and microarchitectural defects27,28, and assess the
fracture healing process29. However, due to the small sample sizes
required, it is rarely used to monitor disease progression in
humans30, and is mostly limited to preclinical work. Clinical CT, on
the other hand, while it does allow patient scanning, does not
provide the same structural detail due to the lower resolution.
Therefore, in this work, MRI and microCT are implemented for
ex vivo visualisation of the humeral head. If it can be shown that
there exists a comparable structural relationship between changes
observed in cartilage and bone, then it holds that in vivo MR im-
aging of the intact cartilaginous structure would be sufﬁcient to
predict subchondral bone changes in OA.
The aim of this study is to observe gross and site-speciﬁc struc-
tural patterns in cartilage and bone from the humeral heads of end-
stage OA patients with the goal of identifying patterns of disease,
and relating microCT morphometry to the clinically-accepted MRI.
In this study, we investigate humeral head samples with a primary
diagnosis ofOA, and in somecases a secondary diagnosis ofOPor RA.
We hypothesise that there are predictable and quantiﬁable
morphometric relationships, that could in future lead to a decoding
of mechanical, structural and biological responses of OA disease.
Methods and materials
Harvesting of samples
Humeral head samples were harvested from 13 female and 8
male patients undergoing joint replacement surgery for end-stageOA, diagnosed using the Samilson and Prieto scale31. Consent
from patients and approval from the local ethics committee was
received (Kantonale Ethikkommission Zürich, Spezialisierte
Unterkommission Orthop€adie/Bewegungsapparat, Ref. Nr. EK-29/
2007). Average patient age at resection for males and females
was 63 ± 15 years; and 71 ± 11 years, respectively, with body mass
index (BMI) of 28 ± 7 kg/m2; and 26 ± 4 kg/m2, respectively. Patient
history was also provided including previous low-energy fracture,
secondary conditions (e.g., OP or RA) and any ongoing OP or
glucocorticoid treatment, i.e., treatments with potential structural
effects (Table I). Patients with a history of rotator cuff tears were
excluded from the study.
microCT and MR imaging
Following surgery, samples were scanned with microCT (mCT80,
Scanco Medical AG, Brüttisellen, CH) in phosphate-buffered saline
(PBS) to prevent dehydration of the cartilage. Samples were scan-
ned at an isotropic voxel resolution of either 30 mm or 60 mm,
integration time of 600 ms, frame averagingof 2, energyof 70 keV,
and intensityof 114 mA. This provided image data of the mineral-
ized, subchondral bone in each humeral head.
All samples were then scanned with MRI (Achieva, 3.0 Tesla,
Philips Health Care, The Netherlands) at 150 mm in-plane (300 mm
out-of-plane) resolution using a T1-enhanced Gradient Echo
Sequence (T1 enhancement with RF spoiling, TR ¼ 18 ms/
TE¼ 5.7ms, ﬂip angle 10) withwater selective excitation32. During
scanning, samples were immersed in a perﬂuorocarbon liquid
(Fomblin Mechanical Pump Fluid, Y/LVAC 16/6, BOC Edwards
Limited, West Sussex, England), which has no MR signal is matched
to the tissue to limit dehydration, enhance cartilage contrast, and
avoid susceptibility artifacts33. MRI provided image data of the
cartilage as well as bright signals in the bone marrow, possibly
indicating the presence of BME.
Registration and volume of interest deﬁnition
Data reconstruction and all 3D quantitative analyses were per-
formed using the software of Scanco Medical AG; where MRI data
was ﬁrst converted from DICOM to the proprietary ﬁle format. A 3D
constrained Gauss ﬁlter was used to partly suppress noise in the
raw microCT volumes (s ¼ 1.2 voxels, s ¼ 1), followed by a
threshold of 15.8% of the maximum greyscale value to segment the
bone. All images were rotated to a common orientation, and MRI
images were registered to microCT images. Cartilage was similarly
segmented from MR images (0.2% of maximum greyscale). Prior to
this, the bone volume was subtracted from each MR image using
the masked CT volume, in order to ensure no bright spots in bone
were mistaken for cartilage. Trabecular and cortical bone were
found as separate compartments in the microCT images, using
previous automatic compartmentalisation techniques34,35. Finally,
each humeral head was divided into ﬁve volumes of interest (VOI)
similar to Fox et al.36 for investigation of anatomical variation; i.e.,
postero-superior (PS), postero-inferior (PI), antero-superior (AS),
antero-inferior (AI) and central (CN), thereby creating a cortical
(CORT), trabecular (TRAB), and cartilage (CART) compartment for
each VOI (Fig. 1).
Visual examination and sample categorisation
Visual examination of the image data revealed structural defects
indicative of OA as well as OP, leading to a decision to classify the
samples into three groups; namely those displaying primarily OA
changes (n¼ 11), primarily OP changes (n¼ 3), and both OP and OA
changes; OA/OP (n ¼ 5). Classiﬁcation criteria were deﬁned as
Table I
Patient history detailing injury, diagnosis and treatment for OA, OP and/or RA
Patient Age
(years)
Sex
(M/F)
BMI
(kg/my)
Injury Secondary diagnosis Treatment
Previous low-energy
fracturek
Osteoporosis RA Osteoporosis therapy Glucocorticoid therapy
1 55 M 23.4
2 78 F 27.0 Yes
3 83 F 26.7 Radius right and left Yes Yes Daily calcium tabletsz
4 79 F 22.9 Wrist right, ankle left
5 75 M 41.9 Two Corticoid injectionsy
per year since Dec. 2008
6 79 F 24.3 Radius left
7 77 F 29.8 Corticoid injectionsy once,
20 years ago
8 50 F 19.8 Yes
9 80 F 28.7 Vertebrae 4 years ago,
tibia head ca. 6 years ago,
sacroiliac joint 1 year ago,
ankle joint ca. 12 years ago
Yes Daily bisphosphonate injectionsx
combined with daily vitamin D
and calcium tabletsz
Six Corticoid injectionsy
total
10 69 M 29.0
11 55 F 24.7 Yes
12 57 F 24.2 Yes Yes
13 32 M 31.4 Yes Prednisolone* tablets since 1998.
5.0e7.5 mg per day
14 62 F 29.5 3 Corticoid injectionsy total
15 73 F 22.4 Daily calcium and vitamin
D tabletsz
1-2 Corticoid injectionsy
per year for 10 years
16 62 M 26.4
17 70 F 27.3 Yes One Bisphosphonate injection,
once a monthx, combined
with daily calcium and
vitamin D tabletsz
Corticoid injectiony
18 78 M 24.0
19 79 F 35.7 Yes Yes Bisphosphonate injectionx Prednisolone* tablets,
5.0 mg per day
20 60 M 25.0
21 74 M 24.4 Corticoid injectionsy
before 2002
* Prednisolone is a basic treatment against inﬂammation caused by arthritis. It is a corticosteroid tablet that acts systematically and can result in a loss of BMD.
y Corticoid injections are applied locally, either intra-articularly or subacromially to improve joint symptoms. Typically only 5% of the dosage is resorbed into the whole
body, and thus BMD is largely unaffected. Local side effects however, include: degeneration of bone and soft tissue, fatty inﬁltration, less healing potential in terms of tendon
repair, and increased infection rate.
z Calcium tablets are typically 1500 mg. In the elderly they are generally administered with vitamin D, both of which are needed for bone metabolism, and as such are a
common treatment against osteoporosis.
x Bisphosphonates slow down or block bone resorption, which is typically found to increase during osteoporosis.
k Low-energy fractures are important as they typically infer a low BMD. As a result, patients who experience low-energy fractures are often treated for OP, typically by
receiving calcium and vitamin D supplements.
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tion)8,10,11; OA-like e explicit sclerosis of subchondral bone, inter-
nal cysts and/or ﬁssures in the cortex, excessive loss of cartilage,
osteophyte growth; OP-like e large areas of little to no trabeculae
and a double cortex; OA/OP-like e features of both OA-like and OP-
like categories. In addition to these groups there were two outliers;
one sample that appeared mostly structurally healthy for the above
classiﬁcation and another that had completely lost its sphericity
and showed excessive growth. Three authors (DJP, MG, KSS) eval-
uated the images separately and reached consensus through
discussion.Three-dimensional quantitative analysis
3D quantitative morphometric analysis of standard bone and
cartilage measures, as described previously29,35,37,38, was per-
formed for each VOI; including cortical thickness (Ct.Th), porosity
(Ct.Po), connectivity density (Conn.D), trabecular spacing (Tb.Sp),
number (Tb.N), thickness (Tb.Th), degree of anisotropy (DA), bone
volume density (BV/TV), apparent bone volume density (AVD),
cartilage thickness (Cg.Th), volume (Cg.V), and denuded surface
(DS). In detail, DA deﬁnes alignment of trabeculae, where 1indicates a fully isotropic alignment, and greater than 1 indicates an
increasingly anisotropic structure. BV/TV and AVD are the ratio of
bone to total volume within the trabecular and full VOI, respec-
tively. DS is the percentage of bone surface not covered by cartilage.OARSI scoring
Using the combined MRI/microCT dataset, three images were
taken in both the XZ and YZ direction for each sample (six images
per sample), and scored (MG) according to the OARSI histopathol-
ogy scoring scheme (grade  stage ¼ score)39. The scoring system
was used without subgrades in order to compensate for the un-
availability of some subgrade features in the image data (i.e., cells).Statistical analysis
Statistical analysis was performed using SPSS (IBM SPSS Statis-
tics 20.0 for Windows, IBM Corp, Chicago, IL, USA). All data was
tested for normality using the ShapiroeWilk test. In the case where
normality was not present, the datawas appropriately transformed.
Each patient (n ¼ 21) had the humeral head divided into ﬁve VOI,
and two patients were excluded, leaving 5  19 ¼ 95 observations.
Fig. 1. Standard orientation to which all images (microCT and MRI) are rotated and registered. The above image represents a right humeral head. After visual processing, images are
split according to ﬁve VOI. Light grey represents the cortical and trabecular bone, and dark grey represents the overlying cartilage. (a) Top view of a humeral head showing all ﬁve
regions of interest; postero-superior (PS), postero-inferior (PI), antero-superior (AS), antero-inferior (AI) and central (CN). D represents the largest diameter of the bone. (b) Side
view of a humeral head, where COR indicates centre of rotation.
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dividual patients were treated as random independent effects,
disease category was treated as ﬁxed independent effects, and the
ﬁve VOI were treated as correlated, within-patient, ﬁxed effects. A
mixed models analysis, adjusted for multiple comparisons (Bon-
ferroni), was performed to test for signiﬁcant differences (P < 0.05)
inmorphometric parameters. Initially, interaction between VOI and
disease category was tested for each dependent variable, and
where no interaction was observed, main effects were re-tested.
The Satterthwaite approximation was used to account for unequal
variances, small sample numbers, unbalanced data, and compli-
cated covariance. In order to avoid type I errors, the Bonferroni
adjustment was used for multiple comparisons, and tested as the
number of corrections by the measured P-value, where values
0.05 were considered signiﬁcant. The data presented is separated
into disease category for ease of comprehension.
Multiple linear regression analysis was then used to test for
correlation between cartilage parameters (from MRI) as indepen-
dent variables and bone parameters (from microCT) as dependent
variables (OA-like only), as well as OARSI score as a dependent
variable (all disease categories). The coefﬁcients of the models,
involving one or more independent variables, that best predicted
the dependent variablewere tested (P < 0.05), and the coefﬁcient of
determination R2, ascertaining the goodness-of-ﬁt of the model,
P < 0.05. It was assumed data were normal, homoscedastic, with no
collinearity. Additionally, a linear relationship was assumed be-
tween variables (tested with scatter plots). Assumptions were
tested using residual diagnostics for a mean equal to 0, and an even
spread about the mean. Correlation between Ct.Th and Ct.Po was
investigated using Pearson's correlation coefﬁcient, R, where
P < 0.05 was signiﬁcant. Linear relationships and continuous data
were assumed.Results
Sample categorization
Figure 2 displays sample categorisation according to gross visual
examination of the 3D datasets. Sample numbers correspond with
patient numbers in Table I. There were two samples which did notﬁt a category. The ﬁrst (patient 1) showed a loss of the dome shape
of the humeral head [Fig. 3(a)] as well as abnormally large growth
anteriorly [Fig. 3(f)]. The patient history revealed acromegaly,
which produces excess growth hormone and results in abnormal-
ities similar to OA40. The second unclassiﬁed sample (patient 2)
showed good cartilage coverage with very little trabecular thick-
ening and almost no change to the underlying bone structure
[Fig. 3(b), (g)]. The patient history revealed no anomalies. These
two samples were excluded from further analysis. Typical samples
of the remaining three categories (OA/OP-like, OP-like, OA-like) are
shown in Fig. 3.3D morphometry and OARSI scoring
OA-like
Samples displaying an OA-like structure showed a signiﬁcantly
higher Conn.D in the CN region compared to other regions
[Fig. 4(d)] and a signiﬁcantly higher Tb.N in the CN region
compared to both posterior VOI [Fig. 4(g)]. This trend was also seen
in Tb.Th. Two outliers to these trends were seen; in sample 12,
Tb.Th in the AS region was almost double that in any other sample,
(0.61 mm compared to a mean of 0.28 mm). Figure 5(a) indicates a
very dense VOI with very thick trabeculae. In sample 19 there was a
very high Tb.Sp in the AI region (1.15 mm, compared to a mean of
0.69 mm), seen as a large cyst in Fig. 5(b).
The volume fraction of the combined trabecular and cortical
volumes (AVD) indicated signiﬁcantly higher values in the CN re-
gion, P < 0.05 [Fig. 4(j)], and OA-like and OA/OP-like [Fig. 4(k)] site-
to-site proﬁles were not signiﬁcantly different.
OA-like samples, although not signiﬁcantly different from other
disease categories, showed signiﬁcantly thinner cartilage (Cg.Th),
less volume, and greater loss of cartilage coverage (DS) in the CN
and anterior regions, P < 0.05 [Fig. 4(m, p)].
Multiple linear regression between parameters measured from
MRI and microCT (Table IIa) indicated thicker trabeculae in regions
where Cg.Th is reduced, R2 ¼ 0.18, P < 0.05 [Fig. 6(a)]. Additionally
in Fig. 6(b), where surface is denuded, bone is more sclerotic
(R2 ¼ 0.26, P < 0.05). Finally, in 8 of 11 OA-like samples, DA was
associated with DS (R2 ¼ 0.12, P < 0.05), and without outliers,
R2¼ 0.31 [Fig. 6(c)]. Additionally, MRI parameters could account for
Fig. 2. Sample categorisation according to a gross visual examination of the 3D datasets. Sample numbers correspondwith patient numbers in Table I. For convenience, all left humeri
were mirrored to match the right side orientation. Samples (1) acromegaly and (2) unclassiﬁed are also shown. Scale bar: 20 mm. Colour bar: cartilage thickness, Cg.Th.
Fig. 3. Representative cross-sections of samples (a, f) acromegaly showing a loss of the dome structure and a large osteophytic growth anteriorly. (b,g) an unclassiﬁed sample
showing very good cartilage coverage, a clear cortical shell and an even trabecular network. (c,h) OA/OP-like showing regions with a reduced trabecular network, a thickened
cortical shell, and cartilage thinning and loss. (d,i) OP-like showing regions of low to no trabeculae with thick cartilage and good coverage. (e, j) OA-like showing overt sclerosis of
the subchondral bone, and large cysts, breaks in the cortical surface and extensive cartilage loss. (aee) indicate the inferoesuperior plane, and (fej) indicate the anteroeposterior
plane. (kel) Matching clinical patient radiographs for the (k) OA/OP-like sample, (l) OP-like sample, (m) OA-like sample. Scale bars: 10 mm. Colour bar: cartilage thickness, Cg.Th.
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Fig. 5. Two OA-like samples. (a) Sample 12 antero-superior (AS) region, where extreme sclerosis gave a trabecular thickness (Tb.Th) of 0.61 mm, compared to the group average of
0.28 mm, and (b) sample 19 antero-inferior (AI) region, where a large subchondral cyst gave a trabecular spacing (Tb.Sp) of 1.15 mm, compared to the group average of 0.69 mm.
Scale bar ¼ 10 mm. Cartilage is shown in blue. The corresponding site-wise morphometry graphs of all OA-like samples for (c) Tb.Th and (d) Tb.Sp.
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microCT parameters could predict 49% variation (Table IIb).OP-like
Interaction between disease category and site was signiﬁcant
(P < 0.05) for Ct.Po, Tb.N and AVD, where OP-like site-to-site pro-
ﬁles were signiﬁcantly different to OA-like and OA/OP-like
[Fig. 4(c,i,l)]. Samples had a less dense structure (AVD) in all sites
compared to OA-like and OA/OP-like (P < 0.05). Lower AVD was
primarily seen anteriorly.
For Conn.D, Cg.Th and DS, main effects were tested separately.
Conn.D indicates that CN had signiﬁcantly more connections (in-
dependent of disease), and OP-like values had signiﬁcantly fewer
connections than either OA/OP-like or OA-like. There was no dif-
ference with disease for Cg.Th, but DS indicates that OP-like sam-
ples are signiﬁcantly less denuded than OA/OP-like samples.
Using the same model as the OA-like regression, it revealed that
MRI and microCT parameters could account for 84% variation of
OARSI score within OP-like samples, where DS was the only sig-
niﬁcant variable (Table IIb).OA/OP-like
Trabecular values showed no signiﬁcant differences with site,
where all sites indicated consistent Conn.D and Tb.N [Fig. 4(e,h)]. AsFig. 4. Site-wise morphometry of individual samples for the three categories: OA-like, OA/O
the central (CN), antero-inferior (AI) and antero-superior (AS) volumes of interest (VOI) for
(def) connectivity density, Conn.D, and (gei) trabecular number, Tb.N. (hej) The apparent b
like show the greatest percentage of sclerosis, and anterior VOIs of the OP-like sample are th
the OA-like and OA/OP-like, while (per) the denuded surface, DS, is greatest in these VOIsin OA-like samples, AVD indicated signiﬁcantly higher values in the
CN region [Fig. 4(k)], as well as signiﬁcantly thinner cartilage
(Cg.Th), less volume, and greater loss of cartilage coverage (DS) in
the CN and anterior regions, P < 0.05 [Fig. 4(n,q)]. Furthermore, DS
of OA/OP-like samples was signiﬁcantly greater than in OP-like
samples, P < 0.05.
Using the same model as the OA-like regression, it revealed that
MRI and microCT parameters could account for 85% variation of
OARSI score within the OA/OP-like samples, where cortical pa-
rameters were signiﬁcant (Table IIb).
Finally, in all three disease categories, Ct.Po positively correlated
with Ct.Th [Fig. 6(d)]. OA-like samples showed the steepest slope,
R ¼ 0.80, [where central and anterior regions displayed signiﬁ-
cantly higher Ct.Po values compared to posterior VOIs, Fig. 4(a)],
while OP-like (R¼ 0.33) and OA/OP-like samples (R¼ 0.75) showed
a more gradual slope.Discussion
The OA-like results show that degradation in human humeral
heads varies with anatomical region. The central and anterior re-
gions appear to be most affected, showing signiﬁcant differences
for cortical, trabecular, and cartilage parameters. This is predomi-
nantly evident in DS, which is signiﬁcantly greater anteriorly thanP-like and OP-like. (aec) Cortical porosity, Ct.Po, shows signiﬁcantly higher porosity in
the OA-like and OA/OP-like samples. This trend is continued in the OA-like samples for
one volume density (AVD) of all categories is variable, where the CN regions of the OA-
e least dense. (meo) Cartilage thickness, Cg.Th, is lowest in the CN and anterior VOIs of
.
Table II
Multiple linear regression showing relationships between (a) parametersmeasured from clinical MRI andmicroCT for the OA-like samples, and (b) OARSI score predicted in the
OA-like samples based on parameters measured from clinical MRI only, andMRI andmicroCT parameters combined. Additionally, for the same combinedmodel, OARSI score is
predicted for the OP-like and OA/OP-like samples. The non-standardised regression coefﬁcients, b, and the model coefﬁcient of determination, R2, are reported, where* in-
dicates signiﬁcance at P < 0.05. Abbreviations are for cortical thickness (Ct.Th), porosity (Ct.Po), connectivity density (Conn.D), trabecular spacing (Tb.Sp), number (Tb.N),
thickness (Tb.Th), DA, bone volume density (BV/TV), apparent bone volume density (AVD), cartilage thickness (Cg.Th), volume (Cg.V), and DS
(a)
MRI predictors Constant
b
R2
Cg. Th (mm)
b
Cg. V (mm3)
b
DS (%)
b
microCT response Ct. Th (mm) 0.004* 0.396* 0.28*
Ct. Po (%) 0.156* 60.870* 0.12*
Conn.D (mm3) 0.055* 3.603* 0.16*
Tb. Sp (mm) 0.002* 0.793* 0.08*
Tb. N (mm1) 0.010* 1.226* 0.19*
Tb. Th (mm) 0.068* 0.324* 0.18*
DA (1) 0.001* 1.254* 0.12*
BV/TV (%) 0.204* 18.081* 0.14*
AVD (%) 0.292* 20.589* 0.26*
(b)
Predictors Constant
b
R2
MRI microCT
DS (%)
b
Ct. Th (mm)
b
Ct. Po (%)
b
Tb.N (mm1)
b
Tb. Th (mm)
b
Response OARSI Score OA-like 0.049* e e e e 12.636* 0.10*
OA-like 0.030 n.s. 24.722* 0.333* 4.875* 12.952* 19.666* 0.10*
OP-like 0.218* 14.960 n.s. 0.030 n.s. 7.863 n.s. 52.620 n.s. 4.428 n.s. 0.84*
OA/OP-like 0.001 n.s. 9.147* 0.103* 1.169 n.s. 3.011 n.s. 20.273* 0.85*
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trabeculae and an overall increase in BV/TV, compared to normal or
even osteoporotic bone3. The results here conﬁrm this, where Tb.N,
Conn.D and AVD values are higher, speciﬁcally in the CN and
anterior VOIs. Furthermore, the results show that for higher AVD,
DS is reduced, suggesting that in end-stage OA sclerosis is directly
associated with cartilage degradation. None of these results can
specify whether the changes occur at the same time, or if not,
which tissue is ﬁrst affected.
In cortical bone of OA-like samples, it was observed that while it
was quantitatively thicker, as described qualitatively in previous
work9,41,42, porosity was also larger due to large subchondral cysts
and cortical breaks. This interplay between increasing cortical
sclerosis and porosity is noteworthy, and was also observed in the
OA/OP samples. One explanation could be that cortical sclerosis
forces a need for porous channels (possibly vascularisation and
nutrition) while subcortical trabecular bone continues to remodel
(resulting in higher AVD). There were two clear outliers to this
trend. Sample 12 exhibited very high Tb.Th in the AS region, while
Ct.Powas relatively normal (within the OA-like cohort), and sample
19 showed a very large subchondral cyst in the AI region, giving a
large Tb.Sp value, while Tb.Th and AVD were relatively unchanged.
In future, it would be interesting to evaluate cyst size distributions
in cortical bone as this is likely to be signiﬁcantly altered with OA.
There is relatively little information regarding morphometric
variation between anatomical sites of the humeral head, and
nothing to our knowledge describing pathologic site variation. In
previous work for healthy shoulders, thickest cartilage was found
superiorly in a bicentric pattern43,44. Zumstein et al.45 also describe
bicentric subchondral plate mineralisation observed in a majority
of healthy humeral heads. In remaining samples, where mono-
centric mineralisation was observed, they postulate that this is due
to pathological decentralisation of the humeral head with
increasing age, joint incongruity, instability, or cuff arthropathy.
With the large central-anterior focus of morphometric changes inOA-like samples, and evidence of subluxation with primary OA19,
this hypothesis deserves further investigation.
Using the OARSI score to grade OA-like samples produced a
positive association with DS (R2 ¼ 0.10, P < 0.05) which is unsur-
prising given the score is deﬁned by cartilage quality and coverage.
Interestingly, OARSI score was not associated with Cg.Th, but was
associated with DS, Ct.Th, Ct.Po, Tb. Th and Tb.N (R2 ¼ 0.49,
P < 0.05). This is comparable to preliminary results reported for the
human knee by Finnil€a et al.46. Since DS refers to the percentage of
the bone surface that is not covered by cartilage, a value of 0% in-
dicates that the entire bone surface is covered by cartilage (of any
thickness), and a value of 50% indicates that at least half the bone
surface is not covered by any cartilage at all. Cg.Th, however, only
measures the thickness of tissue that is present (i.e., zero thickness
is not included). As such, DS and Cg.Th are independent. Improved
association when including bone parameter is likely related to
direct loading of bone, (since DS is greater) inducing a bone
remodelling response leading to sclerosis by increasing the number
of trabeculae and overall bone volume density.
Considering these results within the context of shoulder
biomechanics, it has been shown47 that during shoulder rotation at
45 of abduction, the general trajectory of the glenoid is almost
entirely located anteriorly. Furthermore, at 45 of abduction the
central humeral head is located between the glenoid and the
muscles acting on the humeral shaft. At 90 the trajectory extends
slightly into the posterior region, but not to the same extent as that
observed anteriorly at 45, while at 135 the trajectory is largely
localised in the central region. This large focus of mechanical action
in the anterior and central regions could play a role in structural
differences observed in those regions, since they would be more
susceptible to mechano-sensitive remodelling. As described above,
the results indicate that where cartilage was completely denuded,
the trabecular structure was more aligned (decreased DA). From a
mechanical perspective, when cartilage is present, it distributes
applied load across the bone surface and the trabeculae favour a
Fig. 6. OA-like samples. (a) A linear regression of trabecular thickness, Tb.Th and cartilage thickness, Cg.Th, (R2 ¼ 0.18, P < 0.05) where the central and anterior volumes of interest
(VOIs) indicate thinner cartilage and thicker trabeculae, compared to the posterior VOIs. (b) Similarly, regions with a higher whole apparent bone volume density (AVD) are
associated with regions of highest bone exposure (denuded surface, DS); R2 ¼ 0.26, P < 0.05. (c) Eight of 11 samples exhibit a negative association between DA and DS, indicating an
altered bone alignment where cartilage is lost from the surface. Individual regression ﬁts are shown for each patient, where the overall ﬁt is shown with a bold, dashed line
(R2 ¼ 0.12, P < 0.05). Removing the outliers gives R2 ¼ 0.31, P < 0.05. (d) Correlation of cortical thickness, Ct.Th, and cortical porosity, Ct.Po, for OA-like (R ¼ 0.80, P < 0.05), OP-like
(R ¼ 0.75, P < 0.05), and OA/OP-like samples (R ¼ 0.33, n.s.).
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load is directionally acute and concentrated stresses will accumu-
late in the bone43, causing trabeculae to align themselves with the
load in accordance to Wolff's Law48. Importantly in OA/OP samples
this trend was not seen. In both OA-like and OA/OP-like cases,
cartilage appears degraded in a similar site-wise fashion. However,
we hypothesise that in OA/OP-like samples, signalling to initiate
bone remodelling is altered and may be occurring before any
cartilage damage. Alternatively, the altered signal may dominate
the remodelling response compared to OA-like mechanical signals.
In fact, although OA/OP-like samples appeared to have a similar
site-to-site proﬁle to OA-like samples for cartilage parameters,
trabecular parameters were similar to OP-like samples (Fig. 4),
which speaks to the idea of multiple aetiologies for OA and OA-like
diseases. Unfortunately, this could not be determined from this
work. Further investigation linking gene and protein expressionand signalling in a site-wise manner could help inform this
hypothesis.
Limitations of this work include small group sizes and no control
groups. This was primarily due to difﬁculty gathering human
samples, including any asymptomatic or healthy material. As an
observational study of disease states of OA, thework provides novel
information that could help formulate further hypotheses for
subsequent experiments, as well as being beneﬁcial in designing
clinical trials and/or informing clinical practice. Although OA was
the primary diagnosis for arthroplasty, this did not exclude sec-
ondary conditions. While patients were treated for symptoms, they
may have exhibited underlying (diagnosed and undiagnosed)
conditions as described in Table I, and possibly affecting results.
Moreover, microCT is primarily used for ex vivo samples or small
preclinical in vivo animal models. As such, no pre-surgery high-
resolution data was available and real-time, physiological change
D.J. Pawson et al. / Osteoarthritis and Cartilage 23 (2015) 1377e13871386could not bemeasured. TheMRI sequence did not allow assessment
of BME, which, in hindsight, would have been valuable for com-
parison with cysts seen in microCT. Finally, the data presented is
from the shoulder. Literature suggests that OA pathologies between
highly-loaded (hip, knee) and less-loaded (shoulder) joints are
different, and therefore extrapolation of these ﬁndings to other
joints should be made with caution.
Conclusion
In this work we present quantitative structural morphometric
relationships as observed in human humeral heads from patients
undergoing total shoulder arthroplasty for end-stage OA. Samples
were classiﬁed as OA-like, OP-like or OA/OP-like based on visual
examination. VOI separating OA-like samples into ﬁve distinct re-
gions showed positive associations between bone and cartilage
morphometric parameters; speciﬁcally in areas with high DS, the
underlying cortical bone was more porous and thicker, while
trabecular bone was denser, including more connections and
trabeculae. These differences were site-speciﬁc, where central re-
gions saw the greatest cartilage destruction and bone sclerosis,
followed by anterior regions. Posterior VOIs showedmost similarity
to values observed in OA/OP-like and OP-like samples. The ability to
correlate bone and cartilage changes is valuable, as these structural
cues could allow for a targeted diagnostic approach and a better
classiﬁcation of the disease, leading to improved therapies.
Furthermore, they can be used to help decode the interplay be-
tween mechanical, structural and biological responses of OA dis-
ease phenotypes.
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